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Insights into hyperbolic phonon polaritons in h-BN using Raman scattering from encapsulated
transition metal dichalcogenide layers
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Alternative techniques for probing hyperbolic phonon polaritons (HPPs) in two-dimensional materials will
support the development of the emerging technologies in this field. Previous reports have shown that it is possible
for WSe2 monolayers in contact with the hexagonal boron nitride (h-BN) to generate HPPs in the h-BN via
Raman scattering. In this paper, we set out our results on HPP Raman scattering induced in h-BN by WSe2

and MoSe2 monolayers including multiple resonances at which the Raman scattering is enhanced. Analysis
of the observed Raman line shapes demonstrates that Raman scattering allows HPPs with wave vectors with
magnitudes significantly in excess of 15 000 cm–1 to be probed. We present evidence that the Raman scattering
can probe HPPs with frequencies less than the expected lower bound on the reststrahlen band, suggesting new
HPP physics still waits to be discovered.
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I. INTRODUCTION

The unique properties of hyperbolic phonon polaritons
(HPPs) [1–4] are leading to their exploitation in a range of
important applications [5,6], for instance, in the production of
a new class of midinfrared (MIR) sources [7] which, while
thermally excited, produce radiation which is narrow band
[8] and spatially coherent [9,10]. Work on related sources
indicates that it should be possible to combine these proper-
ties with high modulation frequencies, up to 10 MHz [11].
Another field in which HPPs are being exploited is MIR
integrated nanophotonics for applications in surface-enhanced
infrared spectroscopy [12] as well as subdiffraction imaging
[6,13]. A recent highlight in this field has been the creation of
reconfigurable waveguides and lenses for hyperbolic phonon
polaritons [14,15] using phase change materials. Hyperbolic
phonon polaritons allow subwavelength volume confinement
[6,16,17] of midinfrared radiation by as much as a factor of
86. This confinement is not only being exploited for miniatur-
ization but also allows the concentration of electromagnetic
energy, allowing for strong coupling [18,19] and nonlinear
effects [20–22]. By analogy with plasmonics, which are more
lossy than HPPs [23], an even wider range of HPP appli-
cations, e.g., biosensors [24] and improving signal to noise
photodetectors [7,8], is likely to emerge soon.

The two main techniques used to study HPPS are
Fourier transform infrared (FTIR) spectroscopy [25] and
scattering-type scanning near-field optical microscopy
(s-SNOM) [26–28]. FTIR is simpler; however, it either
requires specially prepared microfabricated structures [5]
or prism coupling [5,29] to access the large wave vector
HPP. The former is not suitable for probing HPPs in devices
and the latter limits the wave vector that can be accessed.
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s-SNOM [26–28] allows HPPs to be imaged in real space
with impressive resolution and thus allows access to wave
vectors of the order of ∼1000 times the free space wave
vector [27,28]. However, this technique is complex and
requires physical contact with the sample.

A HPP measurement method based upon the conversion
of MIR to visible radiation would enable a wide range of
new opportunities. The relative maturity of visible photonics
means that such a method is likely to be much simpler. It
should allow high-resolution (0.5 μm) imaging without the
need for a near-field probe and because many of the key
HPPs are wide band gap materials it should allow imaging
of subsurface HPPs. Due to the much shorter wavelength of
visible light such a method might allow access to even larger
wave vector HPPs. Actually, it has already been shown that
transition metal dichalcogenide (TMD) layers allow the prob-
ing of HPPs via Raman scattering of visible radiation [30–32].
However, no one has explored what information about HPPs
can be obtained from the Raman spectra. In this paper we
present significant results on HPP Raman scattering in TMDs.
These include multiple resonances at which the HPP Raman
features are enhanced in WSe2 monolayers and measurements
of HPP Raman features in Mo-based TMDs. Based upon these
results we discuss the mechanism for HPP Raman scattering,
the fact that it can access much higher wave vector HPPs
than IR based techniques, and what Raman scattering of HPPs
might bring to the field of HPP technologies.

II. MAIN BODY

Figure 1(a) shows a Raman spectrum of the encapsu-
lated WSe2 monolayer taken with an excitation energy of
1.866 eV. The observed Raman features can be separated
into one-phonon peaks [E ′′

TO(M ) at 196 cm–1; E ′′
TO(K ) at

209 cm–1; E ′
TO(M ) at 229 cm–1; E ′(�)/A′

1(�) at 250 cm–1;
A′′

2 (M )/E ′
LO(K ) at 258 cm–1) and two-phonon peaks (range
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FIG. 1. (a) An individual Raman spectrum from the h-BN en-
capsulated WSe2 sample with an excitation energy of 1.866 eV. The
first two parts of the spectrum are scaled by factors of 120 and 40
for visibility. (b), (c) show color maps of the resonance behavior of
the 800 and 1050 cm–1 h-BN Raman features; (b) presents the full
spectral width including lower Raman shift features from the WSe2

phonons, such as the strong 250 cm–1 A′
1(�)/E ′(�) peak, as well as

the higher shift h-BN modes. (c) Presents a zoom of the higher shift
part of the spectra presented in (b) with the colors adjusted to show a
narrower range of intensities. The color indicates the intensity of the
Raman scattering in logarithmic scale, with blue corresponding to
lowest and red to highest intensity. The energies of the incoming and
outgoing Raman resonances (solid and dashed lines) associated with
the A1s, A2s, and A3s excitonic states are shown with red, white, and
pink lines, respectively. The green lines correspond to the resonance
conditions for the lowest energy unbound electron-hole pair (UBP).
The signal around 1.87 eV between the 800 and 1050 cm–1 peaks
and shifts above 1100 cm–1 are from photoluminescence from the
A1s exciton, which follows the A1s outgoing resonance.

of shifts up to 500 cm–1) and two features at around
730–850 cm–1 and 1000–1080 cm–1. Further discussion of
the WSe2 phonon Raman peaks and their attribution can be
found in the literature [31,33–36]. The 730–850 cm–1 and
1000–1080 cm–1 features have previously been associated
with scattering of excitons in the monolayer by a h-BN HPP
(lower shift feature) and a combination of a h-BN HPP and
a monolayer A′

1 phonon (upper shift feature). This hypothesis
is strongly supported by the facts that no Raman scattering
is observed at comparable Raman shifts [31,32] in samples
where WSe2 monolayers are not in intimate contact with
h-BN, and the only peak observed in the Raman spectra of
h-BN [30,32,37] is at 1380 cm–1. The peaks at smaller Ra-
man shifts, which only involve phonons, are characteristically
narrower with widths of the order of 0.25 meV (2 cm–1),
whereas the HPP related features are significantly broader, at
10 meV (80 cm–1). The Raman features can also be observed
in Figs. 1(b) and 1(c) where we present color maps of the reso-
nance Raman spectra of an encapsulated WSe2 monolayer. All
the features show clear resonance behavior in the color maps.
For instance, the Raman peak at 250 cm–1, assigned to the
degenerate A′

1/E ′ phonons [35,38], has four resonances, when

the incoming and scattered photons are resonant with the
A1s and A2s bright excitonic states. As previously reported,
the 730–850 cm–1 feature shows a clear outgoing resonance
with the A1s state and incoming resonance with the A2s state
[31,32]. As also previously reported, the 1000–1080 cm–1 fea-
ture shows a strong resonance at ∼1.865 eV which is both an
outgoing resonance with the A1s and an incoming resonance
with the A2s, i.e., a double resonance. In addition, the same
features have at least two other resonances at higher laser
energies which have not been reported before. The clearest
of these is an outgoing resonance associated with the A2s
exciton. There is also a weaker resonance, approximately
20 meV higher in energy corresponding to the A3s exciton. As
more clearly shown in Fig. 1(b), the features at the outgoing
resonances show a characteristic behavior in which the higher
shift scattering is resonant at higher laser energies. This is
particularly visible from 1.95 to 2 eV. This is clear proof
that the two broad features, with Raman shifts centered at
approximately 800 and 1050 cm–1, can be associated with a
band of excitations rather than a single underlying excitation.

In order to better understand the resonance behavior and
to determine the energy of the excitonic states involved, reso-
nance profiles of the Raman scattering were determined for
the two features as presented in Fig. 2. As each feature is
associated with a band of excitations, the extracted resonance
profile changes at different Raman shifts across the feature.
For both of these h-BN features, three resonance profiles were
determined, each by integrating the Raman scattering for a
5 cm–1 band around a center Raman shift. This process is
described in the Supplemental Material, Sec. S1 [39]. The
resonance profiles presented in Fig. 2 clearly show the A1s
outgoing and A2s incoming resonances previously observed
[30–32], as well as the higher energy resonances we observed.
Interestingly there is no statistically significant Raman scat-
tering associated with the h-BN related features at the A1s
incoming resonance. However, the significant additional noise
due to the strong A1s luminescence means the upper limit
on any scattering at these laser energies is comparable with
the strength of the Raman scattering at the highest energy
resonances. In the case of the 730–850 cm–1 feature, shown
in Fig. 2(a), the A1s outgoing resonance near 1.83 eV shifts
to lower energy, as expected, for the lower center Raman
shifts. The two higher energy resonances above 1.95 eV show
the same behavior indicating they are also both outgoing
resonances. For the 1000–1080 cm–1 feature profiles shown
in Fig. 2(b), the A1s outgoing and A2s incoming resonances
fall at the same energy, creating a double resonance with the
measured Raman scattering two orders of magnitude greater
than that of the Raman feature at 730–850 cm–1.

The resonance profiles were all fitted using the standard
third-order perturbation theory prediction for Raman scat-
tering [39] that assumes that the exciton-phonon scattering
occurs in a single step. In order to fit all of the resonances,
the model requires a minimum of three excitonic states. Un-
fortunately, this requires six exciton-phonon scattering matrix
elements. This makes getting a unique fit for these parame-
ters impossible. However, the energy and lifetime parameters
for the three excitons obtained from the six independent
resonance profiles, with and without setting some of the scat-
tering matrix elements to zero, were remarkably consistent

165404-2



INSIGHTS INTO HYPERBOLIC PHONON POLARITONS … PHYSICAL REVIEW B 104, 165404 (2021)

FIG. 2. Resonance profiles for the (a) 800 cm–1 or (b) 1050 cm–1

h-BN Raman features determined at different Raman shifts within
the feature. The insets present vertically scaled subsections of the
815 and 1050 cm–1 resonance profiles. Peaks in the resonance profile
observed in this range are associated with the A2s and A3s outgoing
resonance conditions. The solid lines show fits to the resonance
behavior using three-state, third-order, perturbation-theory resonant
Raman scattering models where the three states are the A1s, A2s,
and A3s excitons in WSe2. The resonances at ∼1.84 eV and between
1.95 and 2.0 eV are outgoing resonances and thus change energy
with Raman shift. The resonance at ∼1.85 eV is the A2s incoming
resonance. The A1s incoming resonance would fall around 1.74 eV
but no statistically significant Raman signal is observed. The noise
in the resonance data at the energy of the A1s exciton is a photo-
luminescence signal from the A1s exciton and trion. (c) Resonance
profiles of the WSe2 250 cm–1 single gamma point phonon over the
same energy range. The left side of the plot shows the A1s incoming
and outgoing resonances. The right side shows the A2s resonance
with intensity scaled up by a factor of 20.

as shown in the Supplemental Material, Sec. S2 [39] (see,
also, Refs. [40–42] therein). These fits give the energy (with
fit estimated errors) for the three excitonic states to be 1.735
± 0.002, 1.867 ± 0.001, and 1.892 ± 0.005. The first two
energies are to within experimental error the same as the A1s
and A2s energies obtained from fits to reflectivity spectra [43]
and separate fits to the A′

1 phonon’s resonance profiles shown

FIG. 3. Raman spectra showing the line shapes of the 800 (a),
(c) and 1050 cm–1 (d)–(f) h-BN associated Raman peaks at various
resonances. The orange curve shows the spectrum at the peak of the
specified resonance and the blue and yellow curves show spectra
taken at ±10 meV either side of the resonance. (a) A1s outgoing, (b)
A2s incoming, (c) A2s outgoing, (d) A1s outgoing = A2s incoming,
(e) A2s outgoing, and (f) A3s outgoing. The lower shift peak ob-
served in (c), in the 1.956 eV spectra, at about 750 cm–1, is associated
with a multiphonon peak rather than h-BN HPPs as can be seen
more clearly in Fig. 1(c). This is only observed at the A2s outgoing
resonance. The agreement of the shift of this peak with three times
the shift of the A′

1 peak suggests that it is due to emission of three A′
1

phonons.

in Fig. 2(c). The third energy is in agreement, to within a few
meV, with previously published values for the A3s excitonic
state [44,45] as well as values obtained from reflectivity mea-
surements of the sample [39]. This is an unusual report of a
Raman resonance with the A3s state.

Based upon the agreement between the measured ener-
gies of the first three excitonic energies and our model for
the Rydberg series [46] we can predict the energy of the
remaining excitonic states and the minimum energy unbound
electron-hole states. As shown with green lines in Fig. 1, the
threshold for excitation of unbound electron-hole states is less
than the laser energy associated with the A2s and A3s outgoing
resonances. Thus, it is possible that the initial optically excited
state at these resonances is a real, unbound pair excitation
rather than a virtual excitonic state.

One of the key characteristic features of the h-BN related
Raman scattering is the broad line shapes. However, as shown
in Fig. 3, the observed line shape depends on the resonance
and the energy of the laser relative to the peak of the reso-
nance. This is more obvious at the outgoing resonance but also
true at the incoming resonances. The qualitative differences
between the resonances can be rationalized as being due to the
variation of the resonance conditions across the line shape and
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FIG. 4. Raman spectra of the h-BN encapsulated MoSe2 mono-
layer sample. Panels (a), (b) show the broad 800 cm–1 h-BN Raman
peak with reststrahlen band shifts marked with dashed lines. Panels
(c), (d) show the spectra around 1050 cm–1, with markings at the
reststrahlen band shifts plus the MoSe2 A′

1(�) phonon (240 cm–1) in
black, also plus the MoSe2 E ′(�) phonon (288 cm–1) in red. Panels
(a,c) are from spectra taken around the A1s outgoing/A2s incoming
resonances at 1.80 eV. Panels (b,d) are from spectra taken with
the laser energy between the B1s outgoing resonance and the B2s
incoming resonance at 2.01 eV.

how these depend on laser energy. For instance, the relative
suppression of the higher Raman shift scattering at an out-
going resonance for lower laser energies occurs because the
lower shift scattering is closer to resonance with the outgoing
state. However, attempts to quantitatively correct for this ef-
fect to obtain a single underlying line shape did not produce a
consistent line shape independent of the laser energy. Despite
this, it is possible to draw some general conclusions about the
underlying line shape. In particular, for the 730–850 cm–1 fea-
ture the line shape covers the whole of the reststrahlen band. In
fact, at the low shift side of the peak the line shape continues
smoothly beyond the reststrahlen band. In general, the highest
scattering is closer to the upper bound of the reststrahlen band;
however, the exact form of the peak varies with the resonance.
The line shape of the 1000–1080 cm–1 feature is very similar
to the 730–850 cm–1 feature—in this case spanning, and at
lower shifts extending beyond, the reststrahlen band shifted
up by 250 cm–1 as would be expected if this feature was due
to an emission of a combination of the HPPs responsible for
the 730–850 cm–1 feature and the A′

1/E ′ phonon.
Having fully analyzed the data for the encapsulated WSe2

we now turn our attention to the results for encapsulated
MoSe2. The strength of the h-BN related Raman peaks in
encapsulated MoSe2 is significantly weaker; see Fig 4. In
MoSe2, the features are observed only when the laser energy is
tuned to the A2s or B2s excitons. In both cases, the resonances
are near-double resonances with the A1s and B1s excitons,
respectively; however, they are not fully doubly resonant. The

fact that in MoSe2 the resonances are significantly further
from double resonance compared to WSe2 is likely to be the
main reason why these features are so much weaker in MoSe2.
Due to the weak scattering, it was not possible to obtain clear
spectra apart from at the peak of the resonance, or to fully
analyze the resonance behavior. However, there is consider-
ably more information available from the resonant spectra. In
particular, the upper shift feature in MoSe2 is considerably
broader than the lower shift feature. As shown in Fig 4, it is
possible to explain this if the upper shift feature is in fact due
to a combination of a HPP and either an A′

1 (lower Raman
shifts) or E′ phonon (higher Raman shifts). In the case of the
WSe2 these phonons are degenerate and so it is possible that
the upper shift feature also involves a contribution from the
E′ phonon. In addition, and importantly, the line shape of the
lower shift feature is very similar to the same feature in WSe2

and in particular extends beyond the reststrahlen band at lower
shifts. Thus, the observation of Raman scattering outside of
the reststrahlen band is not a feature of a single material or
sample, but is more general.

While the attribution of the h-BN features to HPPs is not
new, so far few have tried to understand the line shape in terms
of this model. To fully model the Raman line shape would
require a model not only for the HPPs but also a model for
TMD excitons and for the HPP-exciton interaction. However,
it is reasonable to expect that the density of states of the
HPP may well dominate the line shape. Therefore we have
used a T-matrix model, developed by Passler and Paarmann
[47], to predict the IR absorption spectrum of HPPs for our
structure, measured in an Otto configuration experiment, as a
function of an in-plane wave vector of the absorbed light. The
absorption spectrum predictions were made using the h-BN
dielectric function determined by Caldwell et al. [16] and
layer thicknesses constrained by atomic force microscopy and
fitting to the optical reflectivity spectra. The predicted spectra
were fitted to extract the dispersion relation for the HPP, i.e.,
the energy of the HPP as a function of an in-plane wave vector.
For some in-plane wave vectors it is possible to observe multi-
ple, different energy HPPs which have different mode profiles
in the direction normal to the plane. As shown in Fig. 5(a)
as the in-plane wave vector increases, the number of possible
modes increases and the energy of a specific mode decreases.
In a Raman scattering momentum conservation should apply
to the wave vector of the incoming photon and the sum of
the wave vectors of the outgoing phonon and HPPs gener-
ated during the scattering process. This places a limit on the
maximum wave vector HPPs that can be generated by Raman
scattering comparable to the wave number of visible light,
∼ 15 000 cm–1. If we use the wavelength of light resonant
with the A2s exciton in WSe2, then based upon backscattering
of radiation incident at 30 °, reasonable for our objective lens,
we predict that the maximum wave vector HPPs we should
generate in momentum conserving Raman scattering would
have a magnitude of 15 050 cm–1. As shown in Fig. 5 HPPs
with wave vectors with magnitude are restricted to the energy
range 800–820 cm–1, which is clearly too small a range to
explain the observed Raman feature which extends below
750 cm–1. Defects and other effects can lead to nonmomen-
tum conserving Raman scattering. As shown in Fig. 4, if we
assume the maximum wave vector of HPPs observed in Ra-
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FIG. 5. (a) Dispersion relation for the hyperbolic phonon polari-
ton modes, determined using the 4 × 4 transfer matrix approach
of Passler and Paarmann [47]. The black lines show the bands of
allowed modes and the red lines indicate their widths (at half mag-
nitude) for the first five allowed HPP modes. The maximum in-plane
momentum available in a single phonon Raman process based on the
incident angle of the beam from the 0.5 NA objective is 15 050 cm–1

at the A2s energy. This momentum conserving limit is marked with a
solid blue line labeled MCL. Five times this limit is also marked with
a dashed blue line. (b) shows a Raman spectrum taken on the h-BN
encapsulated WSe2 monolayer sample with an excitation energy of
1.866 eV, on resonance with the WSe2 A2s exciton. The h-BN TO
and LO frequencies of 760 and 825 cm–1 are marked with dashed
vertical lines, between which is the reststrahlen band.

man scattering is five times that of the momentum conserving
limit the range of the HPP Raman feature would be predicted
to increase significantly to 760–820 cm–1. Therefore, it is dif-
ficult to believe that Raman scattering does not probe HPPs
with wave vectors significantly bigger than the momentum
conserving limit of 15 050 cm–1. However, even if we place
no upper limit on the wave vectors of the HPP which can
be detected by Raman scattering, the range of the feature the
theory predicts is narrower than the range observed in Raman
scattering measurements. Fundamentally, it is not possible
for the current model to produce scattering below the lower
reststrahlen band edge. Thus, while it is highly likely that
HPPS are responsible for the two features associated with
them in Raman spectra of h-BN encapsulated TMD layers the
simple HPP model set out above cannot explain the width of
these features.

We now need to consider why the simple HPP model
fails and what additional physics is required to explain the
observed Raman features. An obvious possibility is that we
have used the incorrect parameters for the rreststrahlen band.
However, a review of the literature gives multiple independent
measurements of these parameters based on IR spectroscopy

[16,37,48,49], and while there are variations in the extracted
parameters, none of the measurements supports the lower
bound of the reststrahlen band being below 760 cm–1. Another
alternative is that the 730–850 cm–1 feature is a combination
peak involving absorption of a thermal phonon. However, the
measurements were performed at 4 K and the thermal energy,
which corresponds to ∼3 cm–1, is insufficient to significantly
extend the feature to lower shifts. Another possibility is that
at very large wave vectors the ZO phonon responsible for the
HPP disperses to lower energy. However, there is no obvious
mechanism allowing us to couple to such a large wave vector
HPP. Thus, currently we do not have a good explanation of
the width of the two Raman features associated with HPPs in
these structures. While it is possible that the resolution of this
issue is associated with the TMD layers, it is also possible that
the ability of Raman scattering to access large wave vector
HPPs is allowing us to access unique HPP effects not yet
understood.

The results set out in this paper add considerably to our
knowledge about the h-BN HPP Raman features observed
previously in h-BN encapsulated WSe2 structures. In addition
to the h-BN Raman scattering previously reported at the WSe2

A1s outgoing and A2s incoming resonances, we have observed
h-BN associated Raman scattering at outgoing resonances of
the A2s and A3s excitonic states. In MoSe2, we have also
observed h-BN HPP features. In this material, they are as-
sociated with double resonances with the incoming photons
resonant with the A2s or B2s excitons and the outgoing pho-
tons resonant with the A1s or B1s excitons respectively. From
the MoSe2 spectra, we can deduce that in this material the
upper HPP feature involves emission of a HPP and either an
A′

1 or E′ phonon, with both cases contributing to the overall
line shape. It is quite likely that this is also true for WSe2

but the degeneracy of the phonons in this material makes this
difficult to confirm.

However, the most important outcomes of this study are
associated with the HPP. Firstly, it is clear that compared
to IR reflectivity measurements, resonance Raman scattering
allows access to a much greater range of HPPs with larger
wave vectors. Even momentum conserving Raman scattering
allows access to wave vectors a factor of 10 greater than
accessible by IR measurements, and there is good evidence
that Raman scattering is not momentum conserving, allowing
even larger wave vector modes to be studied. In addition, there
is a mystery as to how Raman scattering can occur at Raman
shifts below the lower bound on the reststrahlen band deter-
mined from IR measurements. The solution to this mystery
may give us insights into HPPs that cannot be achieved via
other techniques. The insights need not be restricted to HPPs
associated with the layers of h-BN. It is possible to transfer
exfoliated TMD flakes onto a wide range of substrates. This
suggests they could make an ideal probe for HPPS associated
with a wide range of materials and metamaterials. This paper
shows that doing this will give insight into HPPs in these
structures that is difficult to achieve in other ways.

III. METHODS

The h-BN encapsulated monolayer MoSe2 and WSe2 sam-
ples were fabricated by hot pickup using a dry polycarbonate
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on a polydimethylsiloxane (PDMS) stamp from individual
mechanically exfoliated monolayers [50]. The WSe2 sample
was encased within a h-BN layer, top 36 nm, and bottom 27
nm, thick. The bottom h-BN layer was on top of a 20 nm
graphite layer which sat atop a 300 nm thick SiO2 coated
Si wafer. The MoSe2 sample followed the same structure,
with top and bottom h-BN thicknesses of 30 and 20 nm,
respectively, and a 4 nm graphite thickness. These are the
same samples that feature in a larger resonance Raman study
[43,51] with the same experimental setup. The measurements
presented here were performed with the sample under vac-
uum at 4 K in a helium flow cryostat. A Coherent Mira 900
Ti:sapphire laser in cw mode and a Coherent CR-599 cw dye
laser were used to excite the samples in backscattering ge-
ometry via a 50 × 0.5 NA long working distance microscope
objective. This allowed Raman spectra to be taken with exci-
tation energies from 1.60 to 2.24 eV. The incident power on
the sample was 100 μW. The Raman spectra were measured
with a TriVista 555 spectrometer with the first two stages of
the spectrometer set in subtractive mode and a liquid nitrogen
cooled charge-coupled device (CCD).

Linear polarizers were placed in the exciting laser beam
before the sample and in between the sample and spectrom-
eter. For each excitation energy, Raman spectra were taken
with these polarizers set collinear and with them crossed. The
crossed polarizer spectra were subtracted from the collinear
spectra which had the effect of removing the photolumines-
cence (PL) signal while preserving the Raman signal. At
energies where the PL signal in the spectrum was many or-
ders of magnitude greater than the Raman signal, such as
near the A1s exciton energy, residual PL was present after
subtraction.

The Raman signal from the SiO2 coated Si substrate was
used to calibrate the Raman spectra for frequency. The in-
tensity of the Si peak was used with Si resonance Raman
data from the literature [52] to convert the data to absolute
scattering probability. A transfer matrix model of the stack
of layers in the samples was used to correct for the effect of

thin film interference on the Raman intensity. The details of
these corrections are given in the Supplemental Material of
our previous paper [43].

IV. SUPPLEMENTAL MATERIAL

The Supplemental Material [39] contains discussion of the
h-BN modes in a h-BN encapsulated MoSe2 monolayer sam-
ple, including a resonance Raman color map and resonance
profile of the 800 cm–1 mode. Reflectivity spectra are also
discussed for the MoSe2 and WSe2 samples, with exciton
energies extracted from those spectra presented with compar-
ative literature values from [44,53–56]. Additional detail on
the extraction and fitting of resonance profiles from the Raman
spectra is also provided.

The data presented in this paper are openly available from
the University of Southampton Repository [57].
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